Pure cultures of Escherichia coli, Klebsiella pneumoniae, Enterobacter aerogenes, and Citrobacter freundii were injured (>90%) in water from a dead-end section of the Bozeman, Montana, distribution system. The effects of the following laboratory variables on the enumeration efficiency of injured and undamaged control cells were examined: (i) diluent composition, temperature, and time of exposure; (ii) media, using various formulations employed in enumerating gram-negative bacteria; and (iii) surface pore morphology of membrane filters. The addition of peptone or milk solids to diluents and low temperature (4°C) maximized the recovery of injured cells, but had little effect on undamaged cells. Control cells were recovered with high efficiencies on most media tested, but recoveries of injured cells ranged from 0 to near 100%. Most of the media commonly used in water analysis recovered less than 30% of injured cells. This was explained in part by the sensitivity of injured bacteria to deoxycholate concentrations greater than 0.01%, whereas control cells were unaffected by 0.1%. Membrane filter surface pore morphology (at 35°C) had a negligible effect on total coliform recoveries. Recommendations are made regarding procedures to improve the recovery of injured coliforms by routine laboratory practices.
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The detection of coliform bacteria in drinking water and wastewater can be inhibited by a variety of factors, including excessive numbers of heterotrophic bacteria, turbidity, and a process known as sublethal injury (17, 32) . As a result, the actual number of indicator organisms present may be underestimated. Sublethal injury has been established as an important factor in determining the safety offoods exposed to physical and chemical treatments that damage indicator bacteria (7, 22) . Such debilitated organisms are often unable to grow on selective media (27) , but can regain that capability through a resuscitation process (1, 3, 7, 9, 22, 29) under nonrestrictive conditions. The concept of sublethal injury was first associated with the suppression of waterborne indicator bacteria when it was noted that coliform enumeration data from waters containing toxic wastes or chlorine were consistently higher by the multiple tube fermentation-most-probable-number method than by the membrane filtration procedure (6, 9, 22, 29, 35) . More than 90% of the indicator bacteria present may become injured when exposed to natural waters for less than 1 week (3, 4 (Fig. 1) . Injured bacteria held for 90 min in phosphate buffer or reagent-grade water were recovered at only 30 to 35% of the initial levels. Dilutions made in peptone water or phosphate buffer with 0.1% peptone were the most stable, yielding recoveries of 80 to 90% after 90 min of exposure. Repair of the injured coliforms occurred in milk at 24°C, increasing the bacterial counts on m-Endo agar by greater than 20%. Densities of uninjured control cells remained virtually unchanged throughout the experiment regardless of the diluent used.
When the diluents were used at 4°C, the effect of the different formulations (Fig. 2) was much less than at 24°C. The recovery response of the injured cells was very similar to the response of uninjured cells when exposed in each diluent. This was particularly true in the first 30 min.
Effect of various media on recovery. The recovery efficiency of injured and control coliforms was tested on a variety of selective media. Media were chosen from among those used in various applications where enteric bacteria are enumerated. Uninjured control cells were recovered at nearly 100% efficiency on most of the media tested, whereas injured cells were recovered at lower rates ( Table 1 ). The media are arranged in three groups, based on the response of the injured cells.
Some of the media most commonly used in water testing were evaluated on a year-round basis. The ranges and average recovery rates for these media were calculated from seven repetitions, using five coliform species. Four genera of coliforms, Escherichia coli, (two strains), K. pneumoniae, C. freundii, and Enterobacter aerogenes, were used to determine whether varia- (Fig. 3) .
Membrane filter surface pore morphology and recovery. Populations of injured Escherichia coli were enumerated on complete selective (TLY-D) and complete nonselective (TLY) media, using two filters. The filters were selected to examine the effect of the mean surface pore diameter on the recovery efficiency of injured Escherichia coli at 35°C. The membranes with a 2.4-,um surface pore opening (HC) and those with openings of less than 1.0 ,m (HA) yielded nearly identical results (Table 2) . Similar results were seen when uninjured control cells were examined under the same conditions. DISCUSSION The dilution step, as shown by the data in Fig.  1 and 2 , can greatly influence the enumeration efficiency of injured coliforms. Early studies done in 1927 (42) and 1932 (8) suggest a critical role of diluents in some bacteriological examinations. More recent reports have further emphasized this conclusion with nonstressed bacterial suspensions (23, 24, 32) and cells that were injured by freezing (41) and exposure to water (3, 37, 43) . Diluents containing 0.1 or 0.05% peptone have been useful in the recovery of attenuated organisms from food, industrial wastes, and waters containing heavy metals (37), but bacterial multiplication can occur if the time between sample dilution and plating exceeds 40 min (15) . Phosphate buffer containing magnesium phosphate (2) has been used to dilute samples containing metabolically injured cells. Samples held for more than 30 min have been reported to result in loss of viable cells (15 (6, 9, 27, 34) . Additional factors, such as the presence of metals, probably also act as stressors to waterborne indicator bacteria.
The selection of media to be used in determining coliform numbers in water and wastewater can also significantly affect results. Several recent studies (11, 12, 21, 27) have shown that various selective media yield markedly different coliform enumeration results. Substantially reduced plating efficiencies on selective media have been associated with coliforms damaged from exposure to injurious chemicals in the environment (3, 4, 6, 34) . Therefore, it is not surprising that coliforms injured in aquatic environments have been recovered with efficiencies of 10% or less on commonly used media (3, 4, 6, 18, 27) . Our results (Table 1) demonstrate that, in comparison to uninjured cells, injured coliforms yielded reduced plating efficiencies on a variety of selective media used for the recovery of gram-negative enteric bacteria. The ranking of the various media (Table 1) agrees with results reported by others (4, 6, 18, 21) where fewer media were compared. Of practical significance is the finding that media widely used for water quality estimations (m-Endo, m-FC, eosin methylene blue, and MacConkey agars) generally ranked in the lower half of all media tested, with recoveries ranging from 5 to 66%. Lauryl tryptose broth had low recoveries of injured In an attempt to explain the relatively poor performance of the media tested, the selective agents in the different formulations were noted.
Seven of the eight media in group III (Table 1) having recovery efficiencies between 0 and 24%, as well as four of the media in group II, contained either bile salts or deoxycholate. For that reason, we tested the recovery of both injured and healthy Escherichia coli in various concentrations of deoxycholate added to a complete medium (Fig. 3) . Control cells were virtually unaffected by concentrations of 0.1% or less, whereas injured cells were severely inhibited by greater than 0.05% deoxycholate. Not surprisingly, concentrations of bile salts or deoxycholate in media that were most inhibitory to injured coliforms (group III, Table 1 ) were between 0.05 and 2.5%.
A recent report (44) concludes that a major location of the injury in water-injured coliforms is in the cell envelope. Such cells become more sensitive to surfactants, including bile salts and deoxycholate (44). The formulation of an improved medium, based on an understanding of the physiology of injury, is now possible. This medium must, however, be highly selective for use in the analysis of water and still recover the injured coliforms efficiently. The feasibility of this suggestion is supported by previous work (1, 4) indicating that injured fecal coliform bacteria can recover the ability to grow on selective media (19, 25, 33, 38) .
Dissatisfaction with the performance of membrane filters was summarized by reports (H 16, 31) that some types of membrane filters were more effective in the recovery of waterborne fecal coliform bacteria from a variety of sources. A subsequent study by Sladek et al. (36) identified surface pore morphology as the critical physical characteristic of membrane filters that influenced fecal coliform recovery on selective media in the high-temperature (44.5°C) test. This conclusion was not, however, extended to the enumeration of total coliforms at 35°C or to injured waterborne indicator bacteria, although it has been reported that chlorine-injured coliforms may be recovered less efficiently with membrane filters than by spread plating (20) . For this reason, experiments were carried out to compare the recovery of a highly injured Escherichia coli suspension on membranes of large (2.4 ,um) and small (less than 1.0 ,um) surface pore openings with spread plates, using the same media. Membrane filter surface pore morphology is not important in the recovery of injured total coliform bacteria since the counts with both filters and spread plates were comparable ( Table 2 ). This conclusion is consistent with the results of other reports (26, 40) where the same filters were used, but the level of injury was not controlled or reported.
Reversible bacterial injury caused by stresses in aquatic environments (3, 4, 6, 27) is an important factor contributing to the suppression of indicator bacterial enumeration (9, 19, 25, 33, 38, 43) . The results presented in this report demonstrated that diluent composition, exposure time, and temperature reduce the recovery efficiency of injured coliform bacteria. In addition, media can play a critical role, since many of the currently accepted media formulations used are detrimental to recovery of injured coliforms from water. These findings represent a supportive rationale for the development of new methodologies allowing a more complete enumeration of injured coliforms in potable water and providing more accurate and dependable water quality information.
